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Abstract
The microwave radiometer TROWARA measures integrated water vapour (IWV) and inte-
grated cloud liquid water (ILW) at Bern since 1994 with a time resolution of 7 s. In this study,
we compare TROWARAmeasurements with a simulation of summer 2012 in Switzerland per-
formed with the Weather Research and Forecasting (WRF) model. It is found that the WRF
model agrees very well with TROWARA’s IWV variations with a mean bias of only 0.7mm.
The ILW distribution of the WRF model, although similar in shape to TROWARA’s distribu-
tion, overestimates the fraction of clear sky periods (83% compared to 60%).
Keywords: microwave radiometer; integrated water vapour; integrated cloud liquid water;
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1. Introduction
The TROpospheric WAter RAdiometer (TROWARA)
continuously monitors vertically integrated water
vapour (IWV) and vertically integrated cloud liquid
water (ILW) at Bern since 1994.
Water vapour and clouds are essential components of
the climate system for their role in the water cycle and
in the Earth’s radiation energy budget. Water vapour,
being the most important natural greenhouse gas, con-
tributes to the warming of the atmosphere. Clouds,
instead, play a dual role: the cloud droplets, whosemean
radius ranges from 4 to 24 μm depending on cloud type
(Mason, 1971), reflect the shortwave radiation from the
sun (cooling effect) and at the same time they absorb
and re-emit the infrared long-wave radiation from the
surface (warming effect).
Uncertainties in the representation of cloud processes
in climate models explain much of the spread in mod-
elled climate sensitivity, leading to regional errors on
cloud radiative effect (CRE) of several tens of watts per
square metre (Flato et al., 2013). Komurcu et al. (2014)
showed that global annual mean fields of cloud liq-
uid water path (LWP, identical to ILW) of six different
global climate models (GCMs) can differ by more than
a factor of two and that the GCMs’ mean LWP is more
than two times larger than the highest value observed
by satellites.
The fractional coverage of clouds and their liquid
water content are two important properties which need
to be further investigated in order to understand the
biases in CRE in models. A small change of 0.1 mm
(1mm is equal to 1 kgm–2) in ILW produces a variation
of several hundred watts per square metre in the down-
ward shortwave flux at the surface (Turner et al., 2007).
Given the scarcity of high-quality ground-based cloud
liquid water measurements, TROWARA’s observations
are valuable for a more in-depth analysis of those
properties and their comparison with regional climate
models (RCMs).
Until now, only TROWARA’s water vapour measure-
ments have been considered and a trend analysis study
of IWV has been published by Hocke et al. (2011).
Here we present for the first time TROWARAmeasure-
ments of integrated cloud liquid water (ILW). The aim
of this study is to compare data of IWV and ILW from
TROWARA with coincident data from a RCM simula-
tion of summer 2012 in Switzerland performed with the
Weather Research and Forecasting (WRF) model.
The outline of this article is as follows. In Section
2, we provide detailed information about TROWARA
and the WRF model simulation. In Sections 3 and 4
the time series of IWV and ILW and the characteristics
of the statistical distributions of ILW are analysed for
TROWARA and for theWRFmodel. Section 5 contains
an outlook on future work. The conclusions about the
comparison are presented in Section 6, together with a
discussion about the microphysical schemes influence
on the WRF model simulation.
2. Data
2.1. TROWARA data
The TROWARA microwave radiometer has been oper-
ated at the University of Bern (46.95∘N, 7.44∘E, 575
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ma.s.l.) since 1994. To improve the measurement accu-
racy during rainy periods, in 2002 TROWARA was
moved inside a temperature-controlled room, looking
towards southeast through a styrofoam window which
is transparent tomicrowaves. Due to the southeast expo-
sure, most rain events do not deposit any rain on the
window. Therefore emission of most rain events can be
accurately measured.
The instrument consists of twomicrowave channels at
21.4GHz (bandwidth 100MHz) and 31.5GHz (band-
width 200MHz). The lower frequency is more sensi-
tive to microwave emission from water vapour, while
the higher frequency is more sensitive to liquid water.
In addition, TROWARA has a channel in the thermal
infrared (𝜆= 9.5–11.5 μm) which is required for the
estimation of the cloud temperature. The standard ele-
vation angle is 40∘ and the main lobe of TROWARA’s
antenna pattern has a full width of 4∘ at half power.
The measurement principle of TROWARA is based
on passive remote sensing of the microwave emis-
sion from water vapour and liquid cloud droplets. The
zenith opacities at 21 and 31GHz are derived from the
observed brightness temperatures in the two microwave
channels. Then, IWV and ILW are derived from a lin-
ear combination of the opacities. The retrieval process
requires auxiliary information such as surface tempera-
ture, pressure and relative humidity which are provided
by the local meteorological station.
Compared to the satellite-based microwave radiome-
ters, their surface-based counterparts like TROWARA
have the advantage of a well-known cosmic background
whose brightness temperature is very isotropic and
much less than any atmospheric temperature. Peter and
Kämpfer (1992) stated that for TROWARA the error
of IWV is about 3% of the measured value. This error
is due to the variable water vapour sensitivity of the
instrument with altitude. For ILW Peter and Kämpfer
(1992) stated an error of 10–20% of the measured
value. This error is due to uncertainties in the dielectric
constant of water at the unknown cloud temperature. In
the currently adopted refined retrieval of Mätzler and
Morland (2009), the cloud temperature is estimated
using an infrared radiometer, thus reducing the ILW
error. Furthermore, progress has been achieved in
dielectric models of water (Mätzler et al., 2010). In
addition to the percent error, there was a zero bias
on the order of 0.01–0.02 mm. Improvements have
also been achieved by refined physical retrievals. The
present instrument uses a correction to reduce this
error to 0.001 mm (Mätzler and Morland, 2009). The
remaining uncertainty is limited to rainy conditions
when the emission is enhanced by Mie effects.
During rain, the microwave emission of the rain
droplets is much larger than that of the cloud droplets.
As we are focusing on the estimation of the cloud
droplets only (suspended hydrometeors), the emission
from the large precipitating hydrometeors (i.e. rain
droplets) is a contamination to our measurements.
Therefore, in these conditions, a proper determina-
tion of cloud liquid water is not feasible. To over-
come this problem, the retrieval algorithm has been
designed to allow the user to choose a threshold for ILW,
beyond which all further emission is attributed to rain.
Mätzler and Morland (2009) found that the presence
of rain droplets is likely for ILW values exceeding 0.4
mm (or 0.4 kg m−2). Thus our study concentrates on the
analysis of ILW measurements below the threshold of
0.4 mm. We applied the retrieval algorithm to the year
2012 and obtained two time series of IWVand ILWwith
a time resolution of about 7 s.
2.2. WRF simulation
We performed a simulation of the summer 2012 (June,
July and August) in Switzerland with the WRF model
version 3.4.1 (Skamarock et al., 2008). The simulation
domain extends from 42.72∘ to 49.91∘N and from 4.14∘
to 12.09∘E (Figure S1, Supporting Information) with a
horizontal resolution of 2.14 km and 35 vertical levels
(top level at 50 hPa). The time step is 4 s and the output
is saved every 60min. The initial state and the update of
the boundary conditions (every 6 h) are specified with
ECMWF analysis data.
The simulation was repeated using four micro-
physical schemes to find the scheme which produces
the most realistic distributions of water vapour and
clouds. The schemes considered in this study are the
WRF single-moment 6-class scheme (WSM6) (Hong
and Lim, 2006), the new Thompson et al. scheme
(NT) (Thompson et al., 2008), the Milbrandt-Yau
double-moment 7-class scheme (MY) (Milbrandt and
Yau, 2005) and the Morrison double-moment scheme
(MO) (Morrison et al., 2009). It is known that simula-
tions with the same configuration and initial conditions
but with different microphysical schemes can produce
different results (Jankov et al., 2005, 2009; Otkin and
Greenwald, 2008; Mercader et al., 2010; Awan et al.,
2011). A comparison of 13 microphysical schemes for
an idealized WRF model simulation can be found in
Cossu and Hocke (2014).
For the model comparison with TROWARAmeasure-
ments, we used the closest grid point to the instru-
ment location (grid point at 46.949∘N, 7.432∘E). Every
microphysical scheme of the WRF model partitions
atmospheric water in water vapour and in several
hydrometeor classes, such as cloud liquid water, cloud
ice, rain droplets and so on.We computed IWVand ILW
from the mass mixing ratio vertical profiles of water
vapour and cloud liquid water.
3. IWV comparison
Summer months in Switzerland are characterized by
the highest amounts of IWV throughout the year which
can reach values between 40 and 45mm. Water vapour
is generally transported from the Atlantic Ocean to
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Figure 1. Integrated water vapour (IWV) measured by TROWARA in summer 2012 (grey points) and simulated by theWRF model
with four different microphysical schemes (blue, red, yellow and green lines with their mean in black).
Switzerland, but local production of significant quanti-
ties of water vapour may occur during hot summer days
by evaporation from lakes, rivers, vegetation and moist
soil (Sodemann and Zubler, 2010).
Figure 1 shows the time series of IWV measured by
TROWARA (grey points) and simulated by the WRF
model with the four different microphysical schemes
(blue, red, yellow and green lines with their mean in
black). TROWARA measurements range from about
9mm on 23 July to about 42mm on 24 August with
an average of about 24mm.
The microphysical schemes (WSM6, NT, MY and
MO) do not deviate too much from each other. The
maximummean deviation is betweenMYandMO,with
a mean difference IWVMY minus IWVMO of 0.19mm
and a standard deviation of 0.84mm. The minimum
variability between the schemes is found during periods
without clouds, for example between 14 and 19 June (a
zoom on this period is provided in Figure S2).
The average value of the microphysical schemes,
IWV<WRF>, follows the TROWARA time series well.
The mean difference IWVTROWARA minus IWV<WRF>
is 0.7mm and its standard deviation is 2.3mm. IWV
is simulated with great accuracy being IWV<WRF> on
average only 2.4% lower than IWVTROWARA.
The good agreement of the model with the measure-
ments can also be seen in the scatter plot of Figure 2,
where we show IWV<WRF> versus IWVTROWARA.
The points above the identity line (overestimation)
are shown in magenta colour, while the points below
the identity line (underestimation) are shown in cyan
colour. The linear regression line is shown in black
and has a correlation coefficient of 0.915, indicating
the good agreement between the WRF model and
TROWARA. The regression line lies for the most part
under the identity line, meaning that the underestima-
tion is stronger than the overestimation. By analysing
the occurrence times and the coincident ILW values,
we found that the overestimation occurs most often in
the late evening and in more cloudy conditions (average
ILW= 0.062mm), while the underestimation occurs
most often in the early afternoon and in less cloudy
conditions (average ILW= 0.025mm) (occurrence
times distributions in Figure S3).
4. ILW comparison
ILW is the vertical integral of the cloud liquid-water
content (kgm−3), which depends on the drop size dis-
tribution (DSD) of the cloud droplets. Because of the
complexmicrophysical and dynamical processes within
clouds, DSDs are highly variable in time and space
(Westwater et al., 2005), causing ILW to vary as well.
Other processes that determine the variability of DSD
and ILW are geographical location and cloud height,
local convection and fluxes from the surface, regional
and large-scale dynamics.
© 2015 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 16: 465–472 (2015)
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Figure 2. Scatter plot of IWV simulated by theWRF model (average of four different microphysical schemes) versus IWVmeasured
by TROWARA. The dashed grey line is the identity line, the black line is the linear regression line, the magenta points are the cases
in which the WRF model overestimates TROWARA measurements and the cyan points the cases of underestimation.
The variability of ILW is larger compared to the
variability of IWV. The relative variation of IWV and
ILW (computed as the ratio of standard deviation to
mean value) for an interval of about 10min provides a
good measure of the variability of the two parameters.
For TROWARA measurements in summer 2012, the
mean relative variation is about 1% for IWV and about
51% for ILW. The frequency distribution of the relative
variation of IWV and ILW is provided in Figure S4.
4.1. Data overview
Figure 3 gives an overview of the ILW data sets of
TROWARA and the WRF model and their agreement
or disagreement. As for Figure 1, the grey points indi-
cate TROWARA measurements and the coloured lines
indicate the four WRF model microphysical schemes
with their mean in black. The simulated ILW does not
match the radiometer measurements as well as in the
case of IWV. The mismatch is caused by the model poor
sampling (1 record every hour) and by the difficulty to
represent cloud-scale processes in models.
For periods characterized by a more frequent and pro-
longed occurrence of clouds, as for example between
3 and 14 June, the WRF model performs better, show-
ing a similar probability in the occurrence of clouds to
TROWARA. Further, in extended periods dominated by
fair weather, as between 14 and 17 June, TROWARA
and the WRF model agree in showing no clouds.
Another difference between TROWARA and the
WRF model is the range of ILW values. TROWARA
values are limited to 0.4 mm, as explained in Section
2.1, while the WRF model values can be higher. The
maximum values, which are not displayed in Figure 3,
are 1.41mm (WSM6), 1.49mm (NT), 2.16mm (MY)
and 3.21mm (MO).
4.2. ILW distribution
In the following sections we change our focus from
the absolute ILW values to their occurrence probabil-
ity which allows to characterize their distributions. To
compute the ILW distributions, we divide the ILW val-
ues into three groups: the first group contains the val-
ues smaller than 0.01mm, which represent, ignoring
ice clouds (TROWARA is not sensitive to ice parti-
cles and we ignored ice clouds in the WRF model as
well), clear sky conditions; the second group is subdi-
vided into 10 intervals between 0.01 and 0.4mm; the
third group includes the values greater than or equal to
0.4mm. The probability of occurrence of each bin is
computed by counting the number of values that fall
in that bin divided by the total number of points. The
computed ILW distributions for TROWARA and for the
WRF model are shown in Figure 4.
In summer 2012 at Bern, TROWARA measures a
clear sky fraction of 60%, while it is 83% on average
for the WRF model simulations. The surplus of clouds
© 2015 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 16: 465–472 (2015)
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Figure 3. Integrated cloud liquid water (ILW) measured by TROWARA in summer 2012 (grey points) and simulated by the WRF
model with four different microphysical schemes (blue, red, yellow and green lines with their mean in black).
in TROWARA data compared to that of theWRFmodel
can also be clearly seen in the time series of Figure 3.
There are often periods in which TROWARA measures
a positive ILW and the WRF model a null ILW. For
these periods, there is an easy way to verify whether
TROWARA orWRF is correct by looking at the archive
images of the local webcam. A cloudy day is easily
recognizable and it would rule out the null ILW value
simulated by the WRF model. By looking at the web-
cam images of the Climate and Environmental Physics
Institute of the University of Bern, we could confirm
the validity of TROWARAmeasurements. One of these
images is shown in Figure S5.
Between 0.01 and 0.4mm the ILW distributions of
both TROWARA and the WRF model are clearly
decreasing, meaning that thick (thin) clouds and/or
clouds with a high (low) liquid water content occur
less (more) frequently. Owing to the high sensitivity of
TROWARA and to the large number of available points,
it is possible to increase the binning in this range and to
better define the shape of the distribution, as shown in
Figure 5. The probability distribution between 0.01 and
0.4mm seems to follow a power law function and by
fitting the data with a two-term power model we obtain
the following equation:
P (ILW) = aILWb + c (0.01 ≤ ILW < 0.4) (1)
where P(ILW) is the probability density function of the
continuous variable ILW between 0.01 and 0.4 mm,
a= 0.0022, b=−0.71 and c=−0.0028. The coefficient
of determination R2 between the measured ILW distri-
bution and the computed probability density function is
0.996, indicating that the ILW distribution in this range
resembles well a power law function.
The last bin from 0.4mm up, albeit having a width of
0.01mm, includes all the values≥0.4mm, the threshold
value. The occurrence probability of the last bin is
lower in the WRF model (0.03 on average) than in
TROWARA (0.11) partially because most of the WRF
model values are in the first bin, causing the part of the
distribution with ILW ≥ 0.01 mm to be lower.
The ILW distribution of the WRF model varies
slightly from scheme to scheme and it is similar to
TROWARA. In fact, the first bin is the highest one, the
bins between 0.01 and 0.4mm decrease in size and the
last bin is higher than the previous ones. A zoom of the
occurrence probability between 0 and 0.1 for the WRF
model ILW distributions is provided in Figure S6.
There is a substantial difference in the number of
points used to compute the distributions of TROWARA
and of the WRF model: more than one million points
for TROWARA compared to 2209 points for the WRF
model. A larger number of points for the WRF model
would allow not only to draw more robust statistical
conclusions on the clear sky occurrence probability but
also to study in more detail the shape of the distribution
between 0.01 and 0.4mm, as done with TROWARA,
and to enhance the differences between the microphys-
ical schemes. To increase the number of available points
the output frequency must be increased or the simula-
tion period must be extended. It was not possible for us
to save the simulation data with such a high frequency
because of hard disk space limitations.
© 2015 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 16: 465–472 (2015)
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Figure 4. (a) ILW distribution of the values measured by TROWARA in summer 2012. The first bin on the left represents all the
values smaller than 0.01 mm (even small negative values), while the last bin on the right represents all the values equal to or greater
than 0.4 mm. (b) Average WRF ILW distribution computed by averaging the ILW distributions of the four microphysical schemes.
(c–f) ILW distribution of the values simulated by the WRF model using four different microphysical schemes. The last bin on the
right in each distribution represents all the values equal to or greater than 0.4 mm.
5. Future work
In future, we will investigate whether the statistics
of the simulated ILW can be improved by analysing
the output from several model grid-points in the sur-
roundings of Bern. The average ILW distribution of the
nearby grid-points could reduce the point-to-point inter-
nal variability of the numerical model and improve the
model performance at this location.
Simulations with a higher output frequency will allow
to better define the shape of the ILW distributions and
to enhance the differences between the schemes.
By considering a longer time period, the seasonal
behaviour of TROWARA ILW will be analysed to dis-
cover possible changes in the clear sky occurrence prob-
ability and in the shape of the ILW distribution over the
past few years.
Because microwave radiometry is a well established
and possibly the most accurate method for retrieving
IWV and ILW (Westwater et al., 2005), TROWARA
measurements are also valuable for validation of satel-
lite measurements, as in the study of Roebeling et al.
(2008).
6. Conclusions
In this study, we presented a comparison of IWV
and ILW measured in summer 2012 at Bern by the
microwave radiometer TROWARA and simulated
with the WRF model using different microphysical
parameterizations.
We have found that over a 3-month simulation the
WRF model agrees very well with TROWARA’s
IWV variations. The mean bias IWVTROWARA minus
IWV<WRF> is only 0.7mm and the standard deviation
is 2.3mm. The variation in IWV between the micro-
physical schemes was minimal and the schemes that
differed the most were MY and MO with a maximum
mean deviation IWVMY minus IWVMO of 0.19mm and
a standard deviation of 0.84mm.
For ILW, the main focus of our comparison was on the
probability density function of ILW which is especially
relevant for climate research, since even small differ-
ences in cloud liquid water greatly modify the atmo-
spheric radiative fluxes (Turner et al., 2007). By com-
puting the ILW distributions, we found only a partial
agreement between TROWARAand theWRFmodel. In
both ILW distributions the highest occurrence probabil-
ity is for clear sky periods and the shape of both distribu-
tions is gradually decreasing between 0.01 and 0.4mm.
The WRF model, however, overestimates the clear sky
fraction (83%) compared to TROWARA (60%).
As in the case of IWV, we did not find substantial
differences in the ILW distributions simulated with
the selected microphysical schemes. All the four WRF
model ILW distributions have in fact almost the same
clear sky occurrence probability and a decreasing
probability for ILW ≥0.01mm. The relatively small
© 2015 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 16: 465–472 (2015)
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Figure 5. Finer binning and power law fit of the central part of TROWARA ILW distribution between 0.01 and 0.4 mm.
number of available points has however hindered a
more detailed comparison of the distributions.
Additionally, we characterized TROWARA’s ILW
distribution between 0.01 and 0.4mm, finding that it is
well represented by a power law function with an expo-
nent of − 0.71 (Equation 1).
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Supporting information
The following supporting information is available:
Figure S1. The WRF simulation domain extends from 42.72∘
to 49.91∘N and from 4.14∘ to 12.09∘E. The white dot indicates
the location of Bern (46.95∘N, 7.44∘E) where TROWARA is
measuring.
Figure S2. IWV variability, expressed as difference between the
microphysical schemes (upper panel), is lower during periods
without clouds (null ILW, lower panel).
Figure S3. Dependence on local time for the cases in which
the WRF model overestimates TROWARA’s IWV (upper panel)
and for the cases of underestimation (lower panel). The y-axis
represents the number of events per hour. The overestimation
occurs most often in the late evening, while the underestimation
occurs most often in the early afternoon.
Figure S4. Absolute frequency distributions of the relative vari-
ations of IWV (top panel) and ILW (bottom panel) measured
by TROWARA in summer 2012. The relative variations are
computed as the ratio of standard deviation to mean value for
intervals of 10min.
Figure S5. Webcam image from the archive of the Climate and
Environmental Physics institute of the University of Bern show-
ing stratus clouds on 24 August 2012 at 0800 UTC. At that time,
TROWARA data correctly show a positive ILW value, while the
WRF model simulations have a null ILW value. TROWARA is
installed near the webcam, pointing in the same direction and
with an elevation angle of 40∘.
Figure S6. Zoom of the occurrence probability between 0 and
0.1 for the ILW distributions simulated by the WRF model using
four different microphysical schemes.
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